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We have determined both the effective masses and the barrier heights for electrons and holes in pure
SiO2 and lightly nitrided oxides with various nitrogen concentrations up to 4.5 at %. In contrast to
previous studies which were usually carried out by assuming a value for either the effective mass or
the barrier height, this study does not make such an assumption. The approach is proven to be
reliable by examining the result for the well-studied pure SiO2 thin films. It is observed that with the
increase of the nitrogen concentration the effective masses increase while both the barrier heights
and the energy gap decrease. © 2004 American Institute of Physics. [DOI: 10.1063/1.1805715]In the modeling and simulation of tunneling current
across pure or nitrided SiO2 thin films, both the tunneling
barrier height and effective mass for electrons (or holes) at
the oxide/Si interface must be known. For electron tunneling
from the conduction band, the effective mass mox is usually
assumed to be 0.5me (Refs. 1–5 ) or 0.4me (Ref. 6 ) where me
is the mass of free electrons, while the barrier height is as-
sumed to be 3.15 eV.7 Frequently, one of the two parameters
(either the effective mass or the barrier height) is obtained
from the Fowler-Nordheim (F-N) tunneling current by as-
suming a value for the other parameter. For example, for
electron tunneling, the barrier height Fb at SiO2/Si interface
obtained is 2.9–3.12 eV under the assumption of mox
=0.5me;2,4,8 and the effective mass obtained under the as-
sumption of Fb=3.15 eV is 0.36 me.7 The discrepancies in
the values of the effective masses and the barrier heights can
result in a large difference in the simulation of the tunneling
current. On the other hand, it has been reported that the bar-
rier heights decrease with nitrogen concentration in
oxynitrides.1,9,15 Although the barrier heights are known to
be dependent on the nitrogen concentration, the electron ef-
fective mass is still assumed to be a constant s0.5med in the
modeling of tunneling current for high nitrogen
concentrations.1 Obviously such an assumption needs to be
justified. For Si3N4/Si interface, the electron effective mass
obtained is 0.4me using the barrier height of 0.2 eV;10 but the
barrier height obtained is 2.12 eV by using the electron ef-
fective mass of 0.5me.11 These studies were carried out on
either oxynitride with high nitrogen concentrations or Si3N4
films. Few studies have been reported on the determination
of both the effective mass and the barrier height without
assuming a value for one of the two parameters for oxyni-
trides with low nitrogen concentration. Such a study is im-
portant because the nitrogen concentration is usually low (a
few percentages) for practical metal-oxide-semiconductor
(MOS) fabrication and accurate values of the two parameters
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rent for nanoscale MOS devices. In this work, we have de-
termined both the effective masses and the barrier heights for
electrons and holes without assuming any values for the two
parameters for pure SiO2 and lightly nitrided oxides with
various nitrogen concentrations up to 4.5 at %. It is found
that with the increase of nitrogen concentration the effective
masses increase while the barrier heights decrease.
The devices used in this study were n+ and p+
polycrystalline-silicon (poly- Si-gate MOS capacitors i.e.,
NMOS and PMOS capacitors) with the gate oxide grown on
p-and n-type Si substrates, respectively. The gate oxide
thickness is 6.7 nm, and the device area is 100 mm2. The
gate oxides with different nitrogen concentrations were
grown by rapid thermal oxidation followed by in situ rapid
thermal nitridation in NO gas ambient. The interfacial nitro-
gen concentrations sNintd were 1.8, 3.0, 4.0, and 4.5 at % as
determined from secondary ion mass spectroscopy measure-
ment. In addition, a pure SiO2 thin film with the same oxide
thickness was also used in this study. The effective oxide
thickness was determined from capacitance-voltage sC-Vd
characteristics by using a quantum mechanical C-V
simulator.12 Current-voltage sI-Vd measurements were car-
ried out at room temperature with Keithley 4200 semicon-
ductor characterization system and C-V measurements were
performed with a HP4284A LCR meter at the frequency of
1 MHz.
Figure 1 shows the I-V characteristics for the NMOS and
PMOS capacitors under positive and negative gate biases for
Nint=4.5 at %, respectively. As can been seen in this figure,
the F-N tunneling starts as ,8 and ,9 V for the NMOS and
PMOS capacitors, respectively. Therefore, to study the F-N
tunneling in the NMOS and PMOS capacitors, the gate volt-
age must be larger than the above two values, respectively.
For a given gate voltage (either positive or negative), the
oxide field Eox can be calculated by taking into account the
flat-band voltage sVFBd and the silicon surface band bending
as described in Refs. 13 and 14.
© 2004 American Institute of Physics
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
J. Appl. Phys., Vol. 96, No. 10, 15 November 2004 Ng et al. 5913A simple expression for the F-N tunneling is given
below:7
J = A Eox
2 exps− B/Eoxd , s1d
where J is the current density of the F-N tunneling current
through the oxide layer, Eox is the oxide field, and A and B
are two constants given by
A =
q3
8phmoxFb
, s2d
B =
4
3
s2moxd1/2
q"
Fb
3/2
, s3d
where q is the electronic charge, mox is the effective mass for
electrons (or holes) in the oxide layer, h is the Planck con-
stant, " the reduced Planck constant, and Fb the tunneling
barrier height for electrons or holes. It should be noted that
the above expression for F-N tunneling was derived for a
triangular potential barrier under the low-temperature ap-
proximation. The image force will modify the triangular po-
tential barrier.17 In addition, other effects such as the tem-
perature dependence of the F-N tunneling current,18,21 the
barrier height variation with the oxide thickness,17,18 and the
dependence of the effective mass on oxide thickness,19,20
may need to be taken into account. Several approximate ex-
pressions have been proposed to take into account the tem-
perature dependence17,18,21,22 and the image force effect.17 In
the present study, for simplicity, we use the above simple
expression, i.e., Eqs. (1)–(3) for the analysis of the F-N tun-
neling current (note that both the temperature and the oxide
thickness are kept constant). Nevertheless, as discussed be-
low, good accuracy of the above expression is demonstrated
by the comparison of the effective mass and the barrier
height obtained from this work with those reported in litera-
ture for the well-studied pure SiO2 thin films. On the other
hand, it should be pointed out that it is also possible to ex-
tend the present approach to include the effects mentioned
above, but the analysis would be more complicated.
According to Eq. (1), if the current transport across the
oxide layer is dominated by F-N tunneling, then a linear
relationship between InsJ /Eox
2d and sEoxd−1 should be ob-
served, and the intercept with y axis and the slope of the plot
2
−1
FIG. 1. I-V characteristics for the NMOS and PMOS capacitors with the
nitrogen concentration of 4.5 at % under positive and negative gate biases,
respectively.of InsJ /Eox d vs sEoxd can yield the values of A and B,
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to Arespectively. Once the values of A and B are obtained, the
effective mass and the barrier height can be calculated with
Eq. (2) and (3).
Figure 2 shows the plots of lnsJ /Eox
2d vs sEoxd−1 as func-
tions of the nitrogen concentration for both the NMOS [Fig.
2(a)] and PMOS [Fig. 2(b)] capacitors. The excellent linear
relationships between sJ /Eox
2d and sEoxd−1 indicate that the
current transport is dominated by F-N tunneling. For the
NMOS capacitors, electrons tunnel from the Si conduction
band at the oxide Si substrate interface under a positive gate
bias; for the PMOS capacitors, holes tunnel from the Si va-
lence band at the interface under a negative gate bias. Note
that the capacitors used in this study are actually large
MOSFETs with the source and drain grounded and thus there
are sufficient minority carriers available in the surface region
of the substrate. Using the procedures described above, the
effective masses and the tunneling barrier heights for elec-
trons and holes can be determined from the plots of
lnsJ /Eox
2d vs sEoxd−1. It is worth to mention that in contrast
to many other studies,1–4,6–9,11 here both the effective masses
and the barrier heights are determined without assuming a
value for one of the two parameters (i.e., the effective mass
and the barrier height). Table I shows the comparison of the
effective mass and the barrier height for electrons obtained
FIG. 2. F-N plots of lnsJ /Eox2d vs 1/Eox as functions of nitrogen concen-
tration for the NMOS (a) and PMOS (b) capacitors.
TABLE I. Comparison of effective mass and barrier height for electron
tunneling from the conduction band at pure SiO2/Si interface between this
work and previous studies.
Effective mass Barrier height eV Reference
0.36me 3.15 (assumed) 7
0.5me (assumed) 2.9 2
0.5me (assumed) 2.93 8
0.5me (assumed) 3.0 4
0.38me 3.05 This workIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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well-studied pure SiO2 thin films. Table I clearly demon-
strates the correctness and accuracy of our approach.
The tunneling barrier heights for electrons and holes as
functions of the nitrogen concentration are shown in Fig. 3.
With increasing the nitrogen concentration, the barrier
heights for both electrons and holes decrease. This is consis-
tent with the trend of the reduction of the barrier heights with
increasing nitrogen concentration in oxynitrides reported in
Ref. 1 and 9. Note that the studies of Refs. 1 and 9 were
carried out for high nitrogen concentrations. The reduction of
the barrier heights is just a reflection of the reduction of the
energy band gap in oxynitrides with nitrogen concentration.9
The change of the energy gap with the nitrogen concentra-
tion estimated from this study is also shown in Fig. 3. In
contrast to the barrier heights, the effective masses for elec-
trons and holes increase with the nitrogen concentration, as
shown in Fig. 4. This indicates that the introduction of nitro-
gen atoms into SiO2 modifies the band curvatures in the en-
ergy band structures such that the effective masses increase.
Although there are no detailed calculations on the effective
masses in oxynidtrides, the calculation of electronic struc-
tures has already shown that the effective masses in Si3N4
and Si2N2O are indeed larger than those in SiO2.22
FIG. 3. Dependence of the tunneling barrier heights for electrons and holes
as well as the energy gap on the nitrogen concentration.
FIG. 4. Dependence of the effective masses for electrons and holes on the
nitrogen concentration.Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIn summary, from the analysis of the F-N tunneling of
electrons or holes at the gate oxide Si substrate interface, we
have determined both the effective masses and the barrier
heights for electrons and holes in pure SiO2 and lightly ni-
trided oxides with various nitrogen concentrations up to 4.5
at %. In contrast to previous studies reported in literature
which were usually carried out by assuming a value for one
of the two parameters (i.e., either the effective mass or the
barrier height), this study does not make such as assumption.
Our approach is proven to be reliable by examining the result
for the well-studied pure SiO2 thin films. It is found that with
the increase of the nitrogen concentration the effective
masses increase while the barrier heights decrease for both
electrons and holes.
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